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Abstract
Background: Saccadic eye movements are used to rapidly align the fovea with the image of objects of interest in peripheral
vision. We have recently shown that in children there is a high preponderance of quick latency but poorly planned saccades
that consistently fall short of the target goal. The characteristics of these multiple saccades are consistent with a lack of
proper inhibitory control of cortical oculomotor areas on the brainstem saccade generation circuitry.
Methodology/Principal Findings: In the present paper, we directly tested this assumption by using single pulse transcranial
magnetic stimulation (TMS) to transiently disrupt neuronal activity in the frontal eye fields (FEF) and supplementary eye
fields (SEF) in adults performing a gap saccade task. The results showed that the incidence of multiple saccades was
increased for ispiversive but not contraversive directions for the right and left FEF, the left SEF, but not for the right SEF.
Moreover, this disruption was most substantial during the ,50 ms period around the appearance of the peripheral target. A
control condition in which the dorsal motor cortex was stimulated demonstrated that this was not due to any non-specific
effects of the TMS influencing the spatial distribution of attention.
Conclusions/Significance: Taken together, the results are consistent with a direction-dependent role of the FEF and left SEF
in delaying the release of saccadic eye movements until they have been fully planned.
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Introduction
Saccades occur as the result of an interaction between high-level
decision-making areas in the cortex and lower level subcortical saccade
execution circuits [1–4]. The frontal and supplementary eye fields
(FEF/SEF), in particular, have been shown to contribute to controlling
saccade-related activity in the superior colliculus (SC) and, thus, the
occurrence of the saccade [5]. Moreover, this control is the result of an
appropriate balance of activation across these frontal oculomotor areas
within each hemisphere [6]. The goal of these planning and decision-
making processes is to produce a saccade with the quickest reaction
time and the most accuracy possible so that the object of interest can be
foveated appropriately. This is especially relevant in the real world
where multiple objects may compete for selection [7].
A typical saccade consists of a single primary change in eye
position that covers all or most of the distance to the target,
followed shortly thereafter by a small secondary corrective eye
movement if required. A much less common form of output
consists of a series of at least two smaller saccades occurring
successively termed a multiple saccade [8]. Because multiple
saccades occur so infrequently in healthy young adults, they are
typically considered an error and discarded from further analysis.
An alternative explanation, however, is that this type of output
reflects a more automatic form of saccade execution that occurs
before planning is fully complete. In a recent developmental study,
we demonstrated that although the frequency of this type of
saccade decreases substantially from 4 years of age to adulthood,
the rapidity with which it is generated remains remarkably
invariant across age groups [9]. This suggests that multiple
saccades represent a form of oculomotor planning that occurs
without coordinated input from the cerebral cortex; reflecting
instead a more automatic form of output by the midbrain and
brainstem saccade generation circuitry – structures that are well
developed within the first decade of life.
In the current study, we used transcranial magnetic stimulation
(TMS) to examine this issue more directly. TMS can be used to
probe whether a specific brain region is necessary for normal task
performance. It is thought to disrupt the pattern of activity
normally associated with task performance and, thus, result in
subtle but systematic alterations in behavior. In the current study,
we used single pulse TMS to transiently disrupt neuronal activity
in the FEF or SEF of healthy young adults while they performed a
gap saccade task. We predicted that if the FEF or SEF were
directly involved in controlling the release of saccades, then
disrupting these areas with TMS should lead to an increased
preponderance of multiple saccades.
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Participants
Nineteen subjects participated – 9 males and 10 females (mean
age 24.7 years). All had normal or corrected-to normal vision
including binocular stereoscopic vision and no sensory, motor,
cognitive, or attentional deficits that would affect saccadic eye
movements.
Ethics Statement
All subjects signed an informed consent form prior to
participation and the University of Oregon Office for Protection
of Human Subjects approved the experimental protocol.
Transcranial Magnetic Stimulation
A 2T Magstim 200 was used to deliver single pulses of TMS
through a figure eight coil. TMS stimulation intensity was
determined by first determining the motor threshold for each
subject after localizing the hot point of the hand region in the
motor cortex. The motor threshold was defined as the lowest
current intensity at which an observable twitch of the first dorsal
interosseus (FDI) of the contralateral hand could most reliably be
evoked by TMS. During the experimental sessions, the stimulator
output was set to 110% of the motor threshold and delivered over
either the right or left FEF; right or left SEF, or left dorsal motor
cortex. Based on previous reports the FEF was localized ,2c m
anterior to the motor hot point [10–12] and the SEF ,3c m
anterior to the vertex and 0.5 cm lateral to the midline [13].
Finally, the left dorsal motor area was used as a control site and
located 1 cm lateral to the vertex. For the FEF and dorsal motor
sites, the stimulating coil was oriented at a 45-degree angle to the
midline with the handle pointing in the posterior direction,
whereas for the SEF site, the stimulating coil was oriented parallel
to the midline with the handle pointing towards the back of the
head (see Figure 1). Participants wore a swim cap on which
markings were made to facilitate stimulator localization. The coil
was held in place with a clamping system and the head was
stabilized with a chin rest. None of the subjects reported any
undesirable side effects resulting from the stimulation. Confirma-
tion of the experimental stimulation sites was carried out in three
of the participants. For this purpose, structural MRIs were
recorded with high-contrast markers placed at each of the
stimulation sites. During the scanning, the head of the subject
was positioned comfortably within the head coil, and head motion
was minimized with foam padding. In addition, participants wore
earplugs and headphones to protect their hearing. Whole-brain
anatomical scans were collected using a T1-weighted magnetiza-
tion-prepared rapid gradient-echo sequence (time repetition =
2500 ms, echo time =4.38 ms, flip angle =8u, field of view =
2566256 mm; 176 slices per slab at 1 mm slice thickness). Figure 1
shows the reconstructed stimulation sites over the left FEF and
SEF from each of the participants. In each case, the FEF marker
aligned with the junction of the superior frontal and precentral
sulcus (Fig. 1A, C, E); whereas the SEF marker was localized just
off the midline adjacent to the upper region of the paracentral
sulcus (Fig. 1B, D, F). The average MNI coordinates across the
three participants for each stimulation site were as follows: right
FEF (x=33, y=22, z=52); left FEF (x=234, y=23, z=53);
right SEF (x=2, y=0, z=62); left SEF (x=23, y=1, z=60).
These are in close proximity to the sites used in several recent
TMS studies in which the FEF [14–16] and SEF [13,17,18] were
targeted.
Experimental Task
The experimental task consisted of the subject making a series of
horizontal saccades to a target presented on a display screen. At
the start of each trial, a target (a ‘‘plus’’ sign subtending ,0.5u)
appeared at the center of the display screen. This target then
disappeared and 200 ms later a peripheral target (a circle
subtending ,0.5u) appeared 5u or 10u to the left or right of the
Figure 1. Reconstructed TMS sites from 3 participants. Stimulation sites over the FEF (A, C, E) and SEF (B, D, F) were reconstructed by localizing
the position of a high-intensity signal marker with respect to the underlying sulcal anatomy. The TMS coil is drawn in (A,B) to indicate orientation at
each stimulation site.
doi:10.1371/journal.pone.0007278.g001
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500 ms before jumping back to the center position. The goal for
the participant was to follow the target jumps with their eyes by
making saccades and maintaining fixation on the target. On 83%
of the trials a single pulse of TMS was delivered. When TMS was
delivered, the subsequent trial was initiated after a delay of 7
seconds. Participants completed five blocks of 48 trials. Each block
consisted of six different TMS trial types: no TMS, TMS applied
50 or 100 ms before and after the peripheral target onset, and
TMS applied at target onset. These were combined with the 4
different target directions/amplitudes resulting in a total of 10
trials for each possible trial combination. Fourteen subjects
completed four separate counterbalanced sessions separated by
at least 7 days in which either the left or right FEF or SEF was
stimulated during the task. Five additional subjects completed a
separate condition in which the left dorsal motor cortex was
stimulated as a control site.
Data Recording and Analysis
Horizontal eye movements were monitored using an infrared
corneal reflection device (Skalar IRIS). The device was calibrated
prior to each block of trials by having the subject fixate on a series
of targets at known eccentricities. This system provided a signal
proportional to the position of the eye with respect to the head
with an optimal resolution of 2 min arc and linearity within 3%
between 225 deg and +25 deg. The eye movement recordings
were analyzed using a graphical user interface implemented in
Matlab. Saccadic reaction time (SRT) and frequency of multiple
saccades were the two dependent variables of interest. SRT was
defined as the period of time from the appearance of the
peripheral target to the onset of a detectable change in eye
position. The onset was determined by the program when eye
velocity was greater than 30u/s for a duration greater than 10 ms.
The user could subsequently adjust the automatically determined
onset if it was judged to be inaccurate. Multiple saccades were
defined as two or more changes in eye position in which the initial
saccade covered ,90% of the distance to the target [9]. Single
saccades were defined as one discrete change in eye position
covering $90% of the distance to the target. We calculated the
frequency of multiple saccade occurrence during trials with TMS
relative to the trials without TMS. Trials with large artifacts
resulting from blinking, head movement, or equipment malfunc-
tion that prevented eye measurement were removed from analysis.
Together, these anomalous trials accounted for less than 5% of the
data overall. Repeated measures analyses of variance were used to
assess the statistical significance of the different effects for each
dependent variable. For SRT, we used a 2 (saccade type: single vs.
multiple) 62 (saccade direction: ipsiversive vs. contraversive to
TMS site) 65 (TMS delay: 2100, 250, 0, 50, 100 ms) ANOVA
for each stimulation site. For the frequency of multiple saccades,
we used a 2 (saccade direction: ipsiversive vs. contraversive to
TMS site) 65 (TMS delay: 2100, 250, 0, 50, 100 ms) ANOVA
for each stimulation site. Post-hoc Tukey’s tests were used to
examine the locus of any main effects or interactions.
Results
Figure 2 shows a series of saccade traces produced by a single
subject during trials with TMS delivered to the left FEF coincident
with the appearance of the peripheral target. During the trials
without TMS (not shown), this subject always made a single
saccade which covered most or all of the distance to the peripheral
target. However, when TMS was delivered coincident with
peripheral target appearance, there was a tendency to produce
multiple saccades to the ipsiversive, but not contraversive, side
relative to the site of stimulation. The multiple saccades were
characterized by shorter latencies and a relatively small amplitude
initial saccade followed by a second saccade to foveate the target
[9]. The reduction in SRT for multiple saccades is shown for each
of the experimental TMS sites in Figure 3 collapsed across saccade
direction. Analyses of variance revealed a significant saccade type
effect at each site (Left FEF: F[1,279]=150.76, p,0.001; Right
FEF: F[1,279]=98.35, p,0.001; Left SEF: F[1,279]=104.35,
p,0.001; Right SEF: F[1,279]=135.23, p,0.001) but no effect of
TMS delay, saccade direction, or any interactions between these
three variables. A similar pattern of results was observed in the
dorsal motor cortex control site (Saccade type effect:
F[1,99]=89.48, p,0.001).
The tendency for more multiple saccades to be generated
ipsiversive to the site of stimulation is captured in Figure 4 which
displaysthepercentage changeinthefrequencyofmultiplesaccades
as a function of the time at which TMS is delivered. For the FEF
(Fig. 4A,B) there is a clear increase in multiple saccade frequency for
saccadesdirected ipsiversively,butnotcontraversively whenTMSis
delivered to either the left (main effect of saccade direction:
F[1,139]=4.19, p=0.018) or right (main effect of saccade
direction: F[1,139]=2.41, p=0.0342) hemisphere. Post-hoc tests
demonstrated that this effect was driven by differences across ipsi-
versus contraversive saccades when TMS was delivered coincident
with peripheral target appearance or 50 ms later in the left FEF
(p,0.05), or coincident with peripheral target appearance or 50 ms
earlier in the right FEF (p,0.05). This trend was partially replicated
in the SEF (Fig. 4C,D). In particular, there was a significant effect of
saccade direction when TMS was delivered to the left SEF
(F[1,139]=2.95, p=0.0396), but not when it was delivered to the
right SEF (F[1,139]=0.55, p=0.261). Again, post-hoc tests
revealed that this was due to differences between ipsi- versus
contraversive saccades when TMS was delivered over the left SEF
coincident with the appearance of the peripheral target or 50 ms
Figure 2. Saccadic eye movements are influenced by TMS
delivered over the ipsilateral frontal oculomotor cortical areas.
Saccade traces for a single subject aligned to the appearance of the
peripheral target and delivery of TMS to the left FEF (vertical arrow).
TMS led to the generation of multiple saccades (black traces) when the
peripheral target appeared ipsiversive, but not contraversive, to the site
of stimulation (leftward is downward in these traces).
doi:10.1371/journal.pone.0007278.g002
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control site did not lead to any change in the incidence of multiple
saccades across ipsiversive and contraversive directions
(F[1,49]=0.55, p=0.261). Thus, taken together, these data
demonstrate that whereas the reaction times of multiple saccades
remained invariant across the different combinations of trial types;
the frequency with which they occurred was systematically
influenced by both TMS delay and saccade direction.
Discussion
Saccadic eye movements are generated many times each day to
foveate objects of interest in the field of view. The basic
characteristics of saccades in adults are well known – they have
very high velocities that are linearly related to amplitude for
saccades up to 50u [19]. Saccade execution occurs as the result of a
pulse and step in the activation of brainstem ocular motor
neurons. The pulse drives the eye to the new position and the step
holds it at this location [20]. This systematic modulation of the
brainstem saccade generation circuits is controlled by the balance
of activation in fixation and saccade cells in the superior colliculus
(SC). When fixation cell activity is high, saccade cell activity is low
and the eyes remain stable. However, when saccade cell activity
increases, there is a concomitant decrease in activity in the fixation
cells and, as a result, a saccade is generated [21]. This release from
fixation based on the balance of activation in fixation and saccade
cells in the SC is the basis by which saccade control occurs.
Interestingly, however, if the only neural processing occurring
prior to saccade execution was that associated with initially
identifying the target visually and then generating the appropriate
motor output, saccadic reaction time (SRT) would be around
60 ms. Yet, studies have shown that SRT is typically around
200 ms in duration. This difference in time is thought to reflect
additional processing associated with planning and decision-
making occurring most prominently in the FEF and SEF [7].
The FEF in particular sends direct excitatory and inhibitory
signals to the SC that control the balance of activity in the fixation
and saccade cells and, thus, can in theory provide full control of
whether or not a saccade can be made [5]. The goal of these
planning and decision-making processes is to produce a saccade
with the quickest SRT and the most accuracy possible so that the
object of interest can be foveated appropriately.
Multiple saccades are a form of saccadic output characterized
by short latencies and hypometric amplitudes falling less than 90%
Figure 3. Reaction time is faster during multiple compared to single saccades. Group means for saccade reaction time for single (black) and
multiple (white) saccades when TMS was delivered over the left FEF (A), right FEF (B), left SEF (C), and right SEF (D). Horizontal lines represent mean
SRT during the interleaved trials without TMS. These vary across the 4 conditions because each was performed in a separate session. Error bars,1
intersubject SE.
doi:10.1371/journal.pone.0007278.g003
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multiple saccades occur much more frequently in young
adolescents than in older children or adults [9]. However, the
latencies of multiple saccades remain remarkably invariant across
development. Based on this and other related evidence, we have
suggested that multiple saccades reflect a release from fixation
within the midbrain and brainstem prior to the completion of
planning and decision-making at the level of the cortex. Indeed, it
has been suggested that the purpose of the descending input from
the cortex is to procrastinate so that accurately planned responses
are elicited [22,23] - the implication being that saccades that are
released too soon are more likely to be inaccurate in some way.
This hypothesis was tested directly in the present experiment by
using TMS to transiently disrupt processing in either the FEF or
SEF during saccade preparation in adults performing a gap
paradigm. We found that multiple saccades were more likely to
occur for targets directed ipsiversive, but not contraversive, to the
stimulation site for both the right and left FEF and left SEF. This
implies that the FEF, and to a lesser extent the SEF, contributes
directly to the procrastination required to generate accurate
saccades. When the processing occurring at these sites was
disrupted with TMS, multiple saccades were much more likely
to occur, suggesting that the appropriate balance of activation in
the left and right frontal oculomotor areas is required to properly
inhibit the brainstem saccade generation circuitry until the saccade
is fully planned. If this balance is perturbed, the implication is that
the brainstem is released from the descending cortical control too
early. These findings are consistent with results showing that
patients with FEF lesions are more likely than controls to make
quick latency express saccades in a gap paradigm [24].
The direction-dependence of the TMS effect suggests that the
FEF and SEF contribute more substantially to the procrastination
required during ipsiversive than contraversive saccades. This
finding is inconsistent with microstimulation [25] and single-unit
recording [26] studies in nonhuman primates and brain imaging
studies in humans [27] which demonstrate mainly contraversive
saccade-related activity in the FEF and SEF. Schlag and
colleagues [6] demonstrated that cells in the FEF are modulated
by microstimulation in the homonymous region of the FEF in the
opposite hemisphere and that this can alter the characteristics of
subsequently generated saccades. The fact that TMS had no effect
on contraversive saccades, but increased inappropriately-generat-
ed multiple saccades ipsiversive to the stimulation site implies that
this form of stimulation very likely biases the balance between left
Figure 4. TMS leads to significant increases in multiple saccade frequency ipsilateral to the stimulation site. Percentage change in
multiple saccade frequency plotted as a function of TMS delivery time for the left FEF (A), right FEF (B), left SEF (C), and right SEF (D). Solid symbols
represent saccades made ipsiversive to the side of stimulation; open symbols, contraversive saccades. Shaded region centered on 0 represents the
intersubject variability in multiple saccade frequency during the non-TMS trials. This varies across the 4 conditions because each was performed in a
separate session. Asterisks, significant difference between ipsiversive and contraversive multiple saccade frequency.
doi:10.1371/journal.pone.0007278.g004
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preferentially in the targeted hemisphere and, thus, allowing that
in the opposite hemisphere to dominate any descending input.
Based on this reasoning, it follows that the greater contribution
from the contralateral hemisphere when TMS is delivered leads to
an increased preponderance of multiple saccades. This implies that
the normal balance between ipsilateral and contralateral frontal
oculomotor cortical sites is required to properly inhibit the release
from fixation until the saccade parameters are appropriately
specified.
We observed this effect in the left and right FEF as well as the
left SEF. The fact that it was not observed with right SEF
stimulation implies either that the right SEF does not play a role in
this aspect of saccade preparation or that our stimulation was not
accurately directed at the right SEF. To our knowledge, most
available evidence examining the contribution of the SEF to
saccade control has not demonstrated a functional asymmetry
between left and right hemispheres. Thus, the most plausible and
conservative explanation for the current results appears to be a
mislocalization in our attempts to target the right SEF. However,
at the same time, it seems unlikely that any mislocalization would
be consistently limited to the right SEF as opposed to distributed
across each of the other targeted sites. Therefore, the current
results may also be interpreted as representing a real functional
difference related to saccade control between the left and right
SEF. Future studies should be carried out to more explicitly test
this notion.
In addition to the directional effect, there was also ,50 ms
period around the appearance of the peripheral target during
which stimulation was most effective. Later or earlier stimulation
times did not lead to a similar increase in the incidence of
ipsiversive multiple saccades. This finding suggests that there is a
critical time window during which the balanced activation across
the hemispheres is vitally important. This timing was relatively
constant across the three areas which demonstrated the effect and
is consistent with nonhuman primate studies [25,26]. The fact that
this timing was temporally proximate to the appearance of the
peripheral target rather than to the saccadic output itself implies
that we mainly affected the pattern of activation associated with
visuomotor as opposed to purely motor processing – an
implication which is supported by previous TMS studies which
more directly examined the contribution of frontal oculomotor
areas to visual attention and target discrimination [28,29].
In conclusion, we have directly demonstrated using TMS that
the multiple saccades we have previously characterized in young
children [9] can be induced in adults by perturbing the balance in
activity between frontal cortical oculomotor sites; most likely
resulting in inappropriate inhibitory control of the brainstem
saccade generation circuitry. Furthermore, we have shown that
these inhibitory processes are direction- and time-dependent being
maximally perturbed by the TMS during the ,50 ms period
surrounding the appearance of the saccade target ipsiversive to the
site of stimulation. Taken together, these findings provide direct
confirmation that the human FEF and SEF are intimately involved
in the procrastination required to generate accurate saccades.
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